Abstract-In this paper, we present the design, fabrication, and testing of a new micromachined fiber optic sensor probe to conduct oblique incidence diffuse reflectance spectrometry (OIDRS) for in vivo estimation of optical properties of human skins. The probe consists of three source fibers, two linear array of collection fibers, and four micromachined positioning devices for accurate alignment of the fibers. Micromachining plays a significant role in the probe development by enabling device miniaturization, low-cost fabrication, and precise assembly. The new probe has been successfully used to estimate the absorption and scattering coefficient spectra of skin with an optical spectrum between 455 and 765 nm.
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I. INTRODUCTION
T HE human skin is a heterogeneous media and its optical properties can vary significantly even between close sites. Recent study has suggested the close relationship between the stage of skin diseases (e.g., various skin cancers) and the optical (absorption and scattering) properties of the affected skin area [1] - [4] . Thus, the development of in vivo methods to accurately characterize localized optical properties of human skins will greatly assist in the diagnosis and even treatment of its pathologies [5] - [11] . Oblique incidence diffuse reflectance spectrometry (OIDRS) is an optical method capable of quantifying both bulk absorption and scattering optical properties of heterogeneous media (e.g., human skins) by measuring the diffuse reflectance of the media. Previous studies have shown the use of oblique incidence diffuse reflectance spectroscopy to statistically differentiate skin carcinoma from actinic and seborrheic keratoses [12] . The handmade probe use in [12] was a limiting factor for a reliable estimate of absorption and reduced scattering coefficients. New optical sensor probes are necessary to ensure a rapid and reliable measurement of the diffuse reflectance spectra of the targeted area especially in a clinical environment. In this paper, we report the development of a new OIDRS probe fabricated with micromachining technology. The precision and mass production capability of micromachining ensures the needed performance, as well as the compact size and low-cost fabrication of the probe. Using this probe, the op- tical absorption and scattering properties of human skins have been successfully characterized.
II. PRINCIPLE OF OIDRS
As shown in Fig. 1 , when light is incident on the surface of a heterogeneous media (e.g., human skin), part of the incident light will be directly reflected (specular reflectance) and the remainder will transmit into and will interact with the media. After undergoing multiple times of scattering and absorption, part of the transmitted light will be "turned" back and will escape from the surface of the media, which forms the diffuse reflectance.
According to the diffusion theory, the spatially resolved steady-state diffuse reflectance at certain wavelength for oblique incidence can be calculated using a modified two-source approximation with one positive source located below the sample surface and one negative source located above the sample surface (Fig. 2) [13], [14] , which can be determined by (1) where is the effective attenuation coefficient, and are the distances between the two isotropic point sources (one positive source located below the media surface and one negative source located above the media surface) and the observation point on the surface of the media, is the distance between the virtual boundary and the media depth, and is the distance between the virtual boundary and the surface of the media. The absorption coefficient and reduced scattering coefficient can be determined as [13] ( 2) 1530-437X/$25.00 © 2008 IEEE (3) where is the shift of the point sources in the direction and is the angle of light transmission into the media. Therefore, by measuring the spatially resolved diffuse reflectance , , , and can be experimentally determined and then and can be estimated. It should be noted that the diffusion equation assumes that the reduced scattering coefficient is much larger than the absorption. The source and the detector must also be separated in space so that the light solely consists of diffuse reflectance when it reaches the detector.
III. SENSOR PROBE DESIGN
To conduct OIDRS measurement on human skins, we have developed a handheld fiber optical sensor probe to facilitate convenient and robust data collection in a clinical environment (Fig. 3) . The sensor probe consists of three source fibers and two linear arrays of collection fibers for capturing the spatial distribution of diffuse reflectance . The effective probe testing area is limited to 2 2 m to ensure that the measured area does not include the surrounding normal skin even for the smallest skin lesions (usually around 3 3 mm ). Among the three source fibers, two are used for oblique incidence (delivering light onto the skin surface at an oblique angle of 45 . Because the OIDRS measurement is usually performed in a dark environment to reduce the effect of the background light, the center normal incidence source fiber is used to illuminate area of interest on the skin to ensure the accurate placement of the sensor probe. Although only one oblique incidence fiber and one linear array of collection fibers are necessary for an OIDRS measurement, two oblique incidence fibers and two arrays of collection fibers are used for multiple data collections from the same location on the skin to ensure a reliable and robust measurement.
For the source fibers, optical fibers with a diameter of 200 m are used to provide enough incident light to ensure high signal-to-noise ratio (SNR) of the measurement, especially for dark-color skins. For the collection fibers, each of the two linear arrays consists of ten fibers with a diameter of 100 m and a center-to-center pitch of 200 m. Based on our previous simulation, at least ten data points are needed for a span of 2 mm to achieve a good spatial resolution for the estimation of the optical absorption and scattering properties with good accuracy. The 100-m diameter of the collection fibers is expected to provide satisfactory SNR for the measurement of diffuse reflectance. The use of smaller collection fibers will result in lower SNR and the use of bigger collection fibers would unnecessarily increase the size of the probe or lower the spatial resolution of data sampling. The two collection fiber arrays are separate from the incidence fibers by 1 mm. This is because the estimation of the absorption and scattering coefficients from the measured diffuse reflectance is based on the diffusion theory, which is accurate only when the distance between the detector and the source is greater than one mean free path (typically, about 0.1 cm for biological tissues) [15] . Although larger separation could be used, it will unnecessarily increase the overall size of the sensor probe.
IV. SENSOR PROBE FABRICATION
To ensure the accuracy of the OIDRS measurements, the source fibers and collection fibers need to be precisely aligned with respect to each other and fixed in their own positions. This can be achieved with a compact mechanical positioning device. However, due to the small size and dense arrangement of the fibers, it is very difficult and costly to fabricate the mechanical positioning device using conventional machining methods. To address this issue, we have developed straightforward micromachining processes to achieve successful fabrication of the positioning devices in an efficient and low-cost manner.
To achieve accurate alignment of the collection fibers, two micromachined positioning devices were fabricated. Each positioning device consists of a silicon substrate with a linear array of V-grooves created with silicon bulk etching [ Fig. 4(a) ]. When an optical fiber (with cylindrical cross section) is placed in a V-groove, the center axis of the optical fiber can "automatically" align with the symmetric plane of the V-groove. Thus, the accurate positioning of each collection fiber in the array can be readily achieved to ensure reliable and uniform performance of the sensor probe. To fabricate the positioning device, silicon nitride was deposited on a silicon wafer. Photolithography and reactive ion etching was conducted to pattern the silicon nitride layer, which serves as a hard mask for silicon bulk etching. Silicon bulking etching was performed in potassium hydroxide solution to form the V-grooves (130 m wide and 200 m apart).
For aligning the source fibers, two other micromachined positioning devices were fabricated. Because the need of guiding structures for the oblique incidence fibers (45 ) precludes the fabrication of V-grooves with silicon bulk etching, SU-8 resist (MicroChem, Newton, MA) was used for the fabrication of the guiding structures on a silicon substrate [ Fig. 4(b) ]. SU-8 is preferable for this process as it can be directly used to form structures over 100 m in thickness, which results in a very simple and low-cost fabrication process. To fabricate the SU-8 guiding structure, a silicon substrate is first cleaned and backed at 200 C for 5 min. SU-8 100 resist was spun on the cleaned silicon substrate at calibrated spinning rate for 40 s to reach a final thickness of about 100 m. A soft bake was conducted at 65 C for 10 min and then at 95 C for 30 min, which was followed by an ultraviolet (UV) exposure of a dosage of about 520 mJ/cm . After the exposure, the wafer was baked at 65 C for 1 min and then at 95 C for 10 min to selectively cross link the exposed part of the SU-8 film. The development of exposed SU-8 film was conducted for a few minutes until unexposed region was completely removed. During the SU-8 processing, a slow temperature ramping was used to minimize the internal stress buildup and also the resulting crack formation within the SU-8 film, which would significantly reduced the mechanical strength and stability of the guiding structures.
After the fabrication of the micropositioning devices was complete, the entire OIDRS sensor probe was assembled. First, both the source and collection fibers were fixed into their own guiding structures [ Fig. 5(a) ]. Because the thickness of the SU-8 guiding structure is 100 m, two positioning devices were placed face-to-face to accommodate the source fibers (with a diameter of 200 m). For the collection fibers, one positioning device and one cover substrate were used to hold them in place. After all the fibers were assembled, the positioning devices were stacked and glued together with epoxy [ Fig. 5(b) ]. Because the thickness of the silicon wafer used for the fabrication of the positioning devices is around 500 m, the required 1-mm spacing between the source and collection fibers were readily obtained. To improve the efficiency of incidence and collection of the fibers, the head of the assembled probe was polished with sand papers. During the polishing, care was taken to avoid any possible damage to the fibers. Finally, the assembled probe was placed in an aluminum probe holder to facilitate OIDRS testing [ Fig. 5(c) ].
V. OIDRS SYSTEM
To conduct OIDRS measurement, we have built a complete experimental setup to interface with the developed sensor probe to achieve automated optical incidence control, data collection, and analysis (Fig. 6) . It consists of white light source (halogen Fig. 6 . Schematic of the OIDRS system. lamp) for multiple-wavelength measurement, multiplexer, imaging spectrograph, charge-coupled device (CCD) camera, and personal computer. Before an OIDRS measurement is conducted, the three source fibers of the sensor probe are connected to the output of the light source via subminiature version A (SMA) connectors. The proximal end of each collection fiber is fitted with SMA 905 connectors and then connected to the input of the spectrograph through a custom-made interface. The optical multiplexer allows the light delivery, to the area of interest, through only one source fiber at a time. After the sensor probe gets into contact with the skin, white light is delivered through one of the source fibers and the diffuse reflectance is then captured by the collection fibers. The collection fibers are coupled with the imaging spectrograph that generates an optical spectrum for each fiber. The CCD camera collects the spectral images from the wavelength range of 455 to 765 nm. The spectral images represent the steady-state diffuse reflectance spectra from each collection fiber, which are stored in the computer for further analysis. This system is capable of capturing one frame of spectral image in a fraction of a second.
Before the actual skin test was conducted, the experimental setup was calibrated and validated using a liquid reference solution (phantom) consisting of polystyrene microspheres as scattering elements and trypan blue as absorber [14] . The absorption coefficient spectra of trypan blue were measured by collimated transmission before mixing it with the polystyrene microspheres. The reduced scattering coefficient of the microspheres was calculated using Mie theory [16] . The "expected values" of the absorption and reduced scattering coefficients of the liquid reference solution can be vary by controlling the concentration of absorbing and scattering chemicals. To conduct the calibration, the senor probe was placed on the surface of the reference solution. The probe was rotated to four different angles with respect to an arbitrary reference point, and the diffuse reflectance was recorded each time. The absorption and reduced scattering spectra were extracted for each diffuse reflectance measurement and averaged to obtain the "estimated values." The system was calibrated by measuring several optical reference phantoms. Each detector is compensated by a factor that matches the "estimated" diffuse reflectance to their expected values. The probe is then validated by estimating the optical properties of a deferent set of optical reference phantom (Fig. 7) . After the calibration, the probe will be ready for the real measurements.
VI. IN VIVO MEASUREMENTS
The OIDRS system is used to collect the steady-state spatially resolved diffuse reflectance spectra from human skin on the arm (Fig. 8) . The main absorbers of human skin are hemoglobin and melanin. The extinction coefficients of melanin oxy-hemoglobin and deoxy-hemoglobin are shown in Fig. 9 .
The extinction coefficient is the absorbance (of light) per unit path length and per unit of concentration (cm mMoles ). The lower reflectance points at the wavelengths 550 and 575 nm correspond to local stronger absorption caused by oxy-hemoglobin [17] .
The absorption and scattering coefficients are calculated independently for each wavelength , using the corresponding diffuse reflectance along the -axis. An example of the estimated absorption coefficient spectra and scattering coefficient spectra are shown in Fig. 10 . The optical properties of the skin can differ largely depending on race, age, and location on the body [18] . Our results match closely with those obtained Fig. 8 . Sample spatio-spectra diffuse reflectance data collected from human skin. Fig. 9 . Extinction coefficient of oxyhemoglobin, deoxyhemoglobin and melanin. Fig. 10 . Example of the estimated absorption and scattering coefficient from human skin. previously in ex vivo measurements presented in [19] and [20] and the in vivo measurements presented in [18] and [21] .
The absorption coefficient can be used to estimate important physiological parameters related to the disease state such as the concentration of oxy-hemoglobin, deoxy-hemoglobin and its oxygen saturation (StO ) [22] . For example, the absorption spectra is related to the concentration of the absorbers by (4) where , , and are the known extinction coefficients of oxy-hemoglobin, deoxy-hemoglobin, and melanin at certain wavelength , , , and are the concentrations (mMoles) of oxy-hemoglobin, deoxy-hemoglobin, and melanin, and is the absorption caused by other local tissue components. The oxygen saturation (StO ) can be determined as (5) For the example provided in Fig. 9 , the estimated concentrations are 0.0063 mMoles and 0.0038 mMoles with an oxygen saturation StO 0.62%.
VII. CONCLUSION
A micromachined sensor probe has been developed and tested for noninvasive oblique incidence diffuse reflectance spectrometry. The device miniaturization and fabrication precision provided by micromachining ensure reliable and repeatable high performance of the probe. The preliminary results indicate that it is reliable for use to estimate the optical properties and physiological information of skin. This information can potentially be used to assist the photodynamic therapy, and in vivo and noninvasive diagnosis of human skin pathologies.
